ABSTRACT Extracting accurate star centroids in the observed star images is one of the key problems for image navigation of the geosynchronous interferometric infrared sounder (GIIRS) of Fengyun-4A Satellite (FY-4A), the first scientific experimental satellite of the new generation of Chinese geostationary meteorological satellite Fengyun-4 series. Compared with star sensors which are widely used for star observation, it is challenging to detect the 2×2 star spot from the focused star images of GIIRS and calculate the star centroid in high precision. In this paper, we propose a star detection and centroiding method based on trajectory search and trajectory fitting. Since the launch of FY-4A in December 2016, our centroiding method has been tested in-orbit for over two years. The extensive experiments show that the star centroiding error of our method is less than 0.3 pixels, which makes an important contribution to image navigation of FY-4A.
I. INTRODUCTION
Fengyun-4 (FY-4) is the new generation of geostationary meteorological satellite developed by China [1] - [3] . The first satellite of FY-4 series, Fengyun-4A (FY-4A), was launched on December 11, 2016 as a scientific experimental satellite. Compared with the first generation spin-stabilized geostationary satellites Fengyun-2 (FY-2), FY-4 employs the three-axis stabilized platform, declining the period of every full-disc coverage from 30 to 15 minutes (even fewer) as well as realizing flexible regional observation. Four new instruments are aboard FY-4A [1] , [4] to generate remote sensing products, including Advanced Geosynchronous Radiation Imager (AGRI), the Geosynchronous Interferometric Infrared
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Sounder (GIIRS), the Lightning Mapping Imager (LMI), and the Space Environment Package (SEP).
Image navigation is a key problem for meteorological satellite, since it makes a direct influence on the quality of remote sensing products [5] . Different from the image navigation technology of FY-2 based on the observation of landmarks, an advanced technology based on star sensing is applied to FY-4A. By contrast, the latter directly acquires the point of the instrument without the restrictions of cloud and observable period, and most importantly, with higher precision [6] . Thus star centroid detection is one of the key technologies for image navigation of FY-4A.
Star centroid detection is usually used on star sensors for celestial navigation, and many researches have been made in this field [7] - [9] . Different from the star sensors which are specially designed for star scan, as one of the major instruments of FY-4A, GIIRS is a focal detector mainly used for atmosphere observation [1] , [10] . The energy of the star spot on GIIRS is focused on a region smaller than 3 × 3 pixels (2 × 2 in general). As a result, the star spot resembles the noisy pixels a lot. Furthermore, compared with the high imaging frequency 500 Hz of AGRI [11] of FY-4A, the imaging frequency of GIIRS is one hundredfold lower. Thus, less data can be generated by GIIRS for star centroiding, and the method based on energy response curve fitting for AGRI [11] is no longer valid for GIIRS. In addition, GIIRS has a wider instantaneous field of view (IFOV) than AGRI, making it possible that more than one star will be captured. Therefore, the predicted star to be sensed for image navigation should be distinguished from others before star centroiding. Overall, these characteristics make it a challenge to detect stars and calculate their centroids in high precision for GIIRS.
Aiming to solve the problems, this paper proposes a star detection and centroiding method for GIIRS aboard FY-4A. Firstly, the fixed noise of the star images caused by the reflection of the atmosphere is removed to improve signal-noise ratio. Secondly, the images of a star sensing are fused into a single image with star trajectory, in order to convert the hard problem of weak point detection to an easier problem of line detection. Then, according to the information of star catalog, we use triangular and angular distance recognition method to find out the predicted star for image navigation. Finally, the sub-pixel centroid of the predicted star is calculated based on trajectory fitting as [11] . Experimental results on simulated star images in various conditions and real star sensing images of in-orbit testing of FY-4A validate the feasibility and effectiveness of our method for robust star detection and accurate centroiding of GIIRS aboard FY-4A.
The organization of the rest of this paper is as follows. Section II presents the essential properties of GIIRS conducting star sensing and gives an overview of our method. Section III introduces our method in detail, including preprocessing, star detection and recognition, and centroid extraction. The results of the simulated and in-orbit experiments are shown in Section IV and Section V respectively. Finally, Section VI is the conclusion of this paper.
II. OVERVIEW OF STAR SENSING IMAGE PROCESSING FOR GIIRS A. PARAMETERS OF GIIRS
As the first high-spectral-resolution advanced infrared sounder installed on a geostationary weather satellite, GIIRS monitors the vertical temperature and moisture structure of the atmosphere continuously, playing an important role in the forecast of severe weather warning [1] . Table 1 shows the primary parameters of GIIRS. 
B. STAR SENSING OF GIIRS
The visible channel of GIIRS is used to scan the predicted star during the star sensing task between Earth observations. The scan angles of the two scan mirrors are calculated in advance, to rotate the line-of-sight (LOS) to the star. Due to the geostationary orbit of FY-4A, the star spot moves almost linearly in the image plane from the west to the east. Figure 1 shows an actual star image generated by GIIRS in orbit on July 25, 2017. The image plane of GIIRS consists of a detector with 330×256 pixels, and the field of view for each pixel is 56 µrad. The corners of the star image are shaded by VOLUME 7, 2019 the lens hood, which is used to reduce the influence of the stray light. The two star spots are outlined in red bounding boxes and the centroids are marked as red crosses in the magnified sub-views.
C. FLOWCHART OF STAR DETECTION AND CENTROIDING
The star sensing image processing for GIIRS aims to solve two problems. The one is to distinguish the unique spot of the predicted star from the image sequence in high accuracy, against the interference of the noise and the neighboring stars. The other is to calculate the sub-pixel centroid of the predicted star in high precision. A novel processing procedure is proposed to solve the two practical problems, shown in Figure 2 . We firstly preprocess the star image with fixed noise removal to improve the quality of the image. Secondly, star detection is made based on the star trajectory in the integrated image of the whole sequence of star sensing images. Then, star recognition is employed with the triangle matching method. Finally, sub-pixel star centroid in high precision is extracted through the fitting of the trajectories in both X and Y directions. Details of the proposed method will be introduced in the following section. 
III. METHODS

A. IMAGE PREPROCESSING FOR GIIRS
Actual star images contain strong noise caused by the atmospheric reflection, since the field of view of GIIRS is close to the Earth disk. The image noise makes a direct impact on the signal-noise ratio and the contrast, causing a difficult situation for star detection and centroiding. According to the statistical character, the noise in the images can be sorted into the fixed noise and the random noise.
Fixed noise is the low-frequency component as
where C is the total frame number of the star image sequence, I k (x, y) is the gray value of the pixel (x, y) in the k-th image, and I noise (x, y) is the fixed noise mask. Equation 1 calculates a single mask, which is used to remove the fixed noise in the total sequence. However, this strategy results in the loss of the star energy. As shown in Figure 3 , the star spot moves in a straight trajectory during star sensing. The vast majority energy of the star spot is distributed within a region of d×d pixels. Overlap does not exist if the distance of the two spots is greater than d. Thus, in practice, the images next to the target image I i (x, y) should not participate in the fixed noise calculation of I i (x, y).
Based on the geostationary orbit of FY-4A, the velocity of the star spot on the image can be calculated as
where ζ = 23 h 56 min 4 sec, ψ = 56 µrad is the angular resolution of a pixel, and δ is the declination of the line-ofsight (LOS) in Celestial Coordinate System (CCS). In order to avoid affecting the energy of the star spots, a frame threshold N s is used in the image preprocessing. That is to say the images in the N s -neighbor of the i-th image do not participate in the calculation of the fixed noise mask. The number N s between two non-overlapped frames is
where f = 3 Hz is the frame frequency of GIIRS, and the pixel size of the star spot is d × d (2 × 2 for GIIRS). We set N s = 5 to ensure the spot without overlap. Therefore, the fixed noise of each star image can be calculated as
where I k (x, y) is the k-th image of a sequence, I n i (x, y) is the noise mask applied to the fixed noise removal for the i-th star image, and C i is the number of the images participating in the noise calculation, meeting the constraint of N s -neighbor. Given the fixed noise mask I n i (x, y), the fixed noise removed image for the i-th star image can be obtained as
(5) Figure 4 shows the images before and after fixed noise removal.
It should be noticed that after fixed noise removal, some pixels are still influenced by random noise, as shown in Figure 4 (b). It can be seen that the random noise has similar characteristic as stars. However, star image data available from GIIRS is insufficient because of its low frame frequency. As a result, not similar as AGRI aboard FY-4A, the energy response curve [11] of the detector where the star passes, cannot be fitted out or filtered to reduce random noise. In order to preserve the energy distribution of the star regions, which is important for high-precision centroid extraction, random noise filter is not used in our image preprocessing for GIIRS. The impact of the random noise will be solved in our detection and centroid extraction procedures. 
B. STAR DETECTION FOR GIIRS
As shown in Figure 5 , due to the focal structure of GIIRS mentioned above, it is hard to find the visual difference between the star spot and the noisy pixels after fixed noise removal. Seeing that the sequence of star images contains the motion information of the stars, we can transform the task of still target detection in a single image to weak moving target detection in an image sequence. In view of the characteristics of GIIRS's star images, we propose a star trajectory detection method for GIIRS. Considering that the gray value of the star spot is usually higher than that of the other regions, a threshold segmentation method is used in advance to further reduce the noise in the preprocessed images, i.e.
where the threshold of the i-th star image T seg i can be
where s i represents the non-zero pixels in the i-th image, α is an adjustment parameter, and mean(·) and std(·) stand for the mean value and standard deviation respectively. According to our experiment, we set α = 3 to get good performance. The values of most pixels in the segmented star images I seg are zero, as a result of the fixed noise removal and threshold segmentation. The non-zero pixels are composed of the star spots and pixels with strong noise. To find the star trajectory, we fuse the multiple star images in the sequence of star sensing, and the fused image can be obtained as
Based on the motion information of the satellite, the length of the star trajectory in image can be calculated as
where the frame number C of the image sequence and the velocity V x of the star spot are indicated in Equation 1 and 2. Then, the pixel regions of the star trajectories can be detected accurately by searching -pixel-long lines in the fusion image, as shown in Figure 6 . 
C. STAR RECOGNITION FOR GIIRS
The size of the GIIRS star image is 330 × 256 pixels, covering an IFOV of around 1.06 • × 0.82 • . According to the star sensing mode of FY-4A, the FOV of GIIRS is in the equatorial band of the declination [−11.5 • , 11.5 • ]. Figure 7 illustrates possible target stars which may appear in the FOV of GIIRS by analyzing the SAO star catalog. There are totally 2797 observable stars below magnitude 7.0, i.e. the sensitivity limit of GIIRS. The statistical result of these observable stars in the IFOV of GIIRS is shown in Table 2 . We can see that more than one star could appear in the GIIRS star image, and the number of the stars appearing in the IFOV will be not greater than nine due to the small size of the IFOV. Thus star recognition is necessary to establish a correct mapping between the detected stars and the stars in the star catalog and then determine the unique target star, i.e. the predicted one to be sensed. When at least three stars are sensed, the popular triangular algorithm [12] , [13] can be used for star recognition, since it is able to construct certain amount of triangles in this case. In this method, image triangles and navigation triangles are constructed with the star spots in the image and the stars in star catalog respectively, as shown in Figure 8 . The star angular distance is used as the main characteristic for star matching, with an advantage of small computation and rotation invariance. Particularly, the angular distances of the image triangles can be calculated as
where (x i , y i ) and (x j , y j ) are the coordinates of the i-th and j-th star spots, and ψ is the angular resolution of GIIRS. The angular distances of the navigation triangles can be calculated as
where (α m , δ m ) and (α n , δ n ) are the right ascension and the declination of the m-th and the n-th stars. In order to reduce the calculation in star matching, the three stars of a star triangle are sorted in a certain rule, i.e. energy (magnitude) or location. Compared with the energy of star spots which is more susceptible to noise, the coordinate is more reliable as the ordering rule. In our method, the stars are sorted by the Y coordinates (declinations for navigation triangles), making y i < y j < y k and δ m > δ n > δ p (as shown in the lower sub-figure of Figure 8) , where y i is the y coordinate of the i-th star spot and δ m is the declination of the m-th star in catalog. If the errors of the three corresponding pairs of angular distances in the image and navigation triangles are less than a matching threshold, the three star spots are matched to the three stars in catalog. In practice, the matching threshold is set to 0.00454 • , which is corresponding to the field angle of √ 2 pixels. As shown in Table 2 , there will be less than three stars appearing in the IFOV of GIIRS in most cases. A star triangle is not able to be constructed when only two stars are detected in the star image, leading to invalidation of triangular algorithm. In this case, we match the detected angular distance in star image to those of the navigation triangles. The sorting process and the matching threshold are same with triangular method. When exactly one star is detected in the image, we regard the observed star as the predicted star. Considering the attitude stability of FY-4A and the pointing accuracy of GIIRS, such star recognition strategy for the cases of one or two stars can work well. This will be validated in our simulation experiments and practical in-orbit tests in Section IV and V respectively.
D. STAR CENTROID EXTRACTION
Center of Mass (COM) method [7] can be used to calculated the raw coordinates of the star centroid, according to the energy distribution of a star spot in a single frame, i.e.
where i is the star region of the i-th image, and set as 3 × 3 pixels based on the energy concentration of GIIRS.
Due to the impact of the noise in star images, the raw coordinate (X i , Y i ) calculated above is not accurate enough. Thus, the information of the image sequence is efficiently used to improve the precision of the centroiding result by fitting the trajectory of the star centroid. Since the imaging moment of each frame is accurate by contrast, the trajectory is fitted in X and Y directions separately. According to the analysis in Section II-B, the star spot moves in a straight line in the image, thus the star trajectory can be linearly modeled as
where t i is the imaging moment of the i-th star image, and a x ,b x ,â y ,b y are the coefficients of the trajectories in X and Y directions respectively, which can be optimally solved by least square fitting (LSF) via minimizing the fitting errors, i.e.
The fitting results are shown in Figure 9 . Putting the imaging moments into Equation 13, the revised coordinates in high precision of the star centroids in the image sequence can be obtained.
IV. SIMULATION EXPERIMENTS
In order to evaluate the performance of our detection and centroiding method in different situations, a series of simulation experiments are designed in advance.
A. STAR IMAGE SIMULATION
As shown in Figure 10 , 
where ψ is the angular resolution of GIIRS as in Equation 2. A star can be regarded as a point light source, since it is considered at infinity of imaging system. Thus, 2D Gaussian function is used as the point spread function (PSF) of GIIRS to simulate the energy distribution of the star spot in the image plane. Ideally, double integral of PSF in range of a pixel is used to calculate the gray value, modeling the photon accumulation.
In this simulation experiment, the mean image of an actual sequence without stars is used to model the fixed noise of our simulated images. Besides, zero-mean Gaussian white noise is added to the star image to simulate the random noise. To model the focal mode of GIIRS, the standard deviation of PSF (σ PSF ) is set to 0.3 pixels. The entire energy of a star with magnitude M is quantified as
where β 0 = 100 is the reference energy of the star with magnitude of M 0 = 7.0. To resemble the truth as possible, shading condition in the four corners of the image is considered, modeling the influence of the lens hood. The imaging frequency is set to 3 Hz, and each sequence consists of 24 frames of star images, the same as those of GIIRS inorbit.
B. SIMULATED STAR IMAGE DATASET
Using the simulation procedure mentioned above, we simulate the following two subsets of star images for experimenting.
1) SINGLE STAR SUBSET
In this subset, only a single star is simulated in each image, with the initial Y coordinate from 165 to 165.99 with a step of 0.01 pixel. The standard deviation of noise (σ n ) is set from 0 to 10 with a step of 2. Meanwhile, the magnitude varies from 3.5 to 7.0 with a step of 0.5. Our detection and centroiding method is tested based on this subset. Figure 11 , Figure 12 and Figure 13 show the star regions of the sample images with different simulation parameters.
2) CONSTELLATION SUBSET
In this subset, a constellation consisting of more than one star is generated in each image based on the real information of SAO star catalog, in order to test the performance of our star recognition method. A sample simulated image of the nine-star area mentioned in Section III-C is shown as Figure 14 .
C. PERFORMANCE OF STAR DETECTION
We compare our star detection method with gray projecting integral (GPI) [14] , [15] , a classical method for target detection. Experiments are performed after fixed noise removal. Table 3 shows the star detection results under different noise levels where the magnitude of the star is set to 6.5, and Table 4 shows the results under different magnitudes where σ n is set to 6.
According to Table 3 , it is clear that noise in the star images does harm to the precision of GPI method. By contrast, our detection method has better robustness against noise. In addition, the recall rate of ours is higher than GPI, reaching 99.87% (σ n = 10). This is because our detection method takes full advantage of the movement information, making a distinction between star spots and noisy pixels. From Table 4 , it can be seen that our detection method performs well to all magnitudes, guaranteeing 83% precision and 100% recall rate. The precision of our star detection method is obviously better than GPI, especially when the magnitude becomes higher, i.e. the star becomes darker.
D. PERFORMANCE OF STAR RECOGNITION
Our star recognition method is tested to all of the 4423 constellations in the FOV of GIIRS, with the star number (N s ) from 2 to 9. The experimental results are shown in Figure 5 . It can be seen that our recognition method performs well with different star numbers, achieving the success rate better than 93.75%. Owing to our improvement to the triangular algorithm, over 95.8% of the images with two stars can be correctly recognized.
E. PERFORMANCE OF CENTROID EXTRACTION
We perform comparison with the popular centroid extraction method COM [7] under different noise levels and star magnitudes to quantitatively evaluate the precision of our centroiding method. Results are shown in Table 6 and Table 7 . 
TABLE 6.
Centroiding error under different noise levels. ε x and ε y are the errors in X and Y direction respectively. The integrate centroiding error ε o is the Euclid distance between extracted centers and ground truth in image plane.
As shown in Table 6 , it is clear that the precision of our centroiding method is higher than that of COM, especially for the X coordinate. It is because the centroid of the star moves slightly in X direction due to the geostationary orbit of FY-4A. Thus, our centroiding method based on trajectory fitting has a higher precision in X direction than Y. The actual centroiding error of ours is less than 0.1594 pixels even under the strongest noise (σ n = 10). Table 7 indicates that our centroiding method works well in different magnitudes. The centroiding error is less when the star is brighter (lower magnitude), since the energy distribution is reserved better relatively with the same noise level. It should be noticed that initial Y coordinate of star centroid is also an important factor in the energy distribution of the star spot. More energy is distributed in a pixel when the mantissa of Y is close to 0.5, and most of the energy is distributed into two pixels in Y direction when that is 0.0. Figure 15 shows the centroiding error of our method under different mantissa of initial Y coordinate with various noise (σ n from 0 to 10). It indicates that the initial Y coordinate of the trajectory has influence on the precision, especially for the star images with tiny noise. Best centroiding results are obtained around the mantissa of Y=0.5. The noise is another important factor affecting the centroiding precision.
V. IN-ORBIT TESTING RESULTS
Our proposed method has been tested for over 2 years in actual in-orbit tasks, since the launch of FY-4A on December 11, 2016 . The results of the in-orbit test verify the effectiveness and good precision of our method for star centroid extraction of GIIRS. We show some of the in-orbit testing results in this section. Table 8 shows the execution success ratio (definition in [11] ) of our method during the in-orbit test from 2017/04/12 to 2017/04/17, which is calculated with totally 23078 times of GIIRS centroiding in this period. It can be seen that our method performs well in non-midnight with the execution success ratio over 98%, except the three hours around local time 0 o'clock (22:30-01:30). In midnight, the success ratio reduces to the worst 66.67%. This is because the sun is close to the LOS of GIIRS on account of the geostationary orbit of FY-4A, causing a lot of stray light passing into the imaging device. The star images suffer from saturation and low SNR, leading to the failure of some star sensing tasks. 
A. EFFECTIVENESS OF STAR CENTROIDING
B. PRECISION OF STAR CENTROIDING
Due to the lack of ground truth centroid coordinates during the in-orbit test, we quantitatively evaluate the precision of our centroiding method by two ways. In one way, the star centroids of the actual images are labeled visually as the ground truth. In the other way, the star angular distance between two sensed stars (Equation 10) can be calculated to compare with their angular distance in the star catalog (Equation 11). The actual star images captured by GIIRS in-orbit on July 25, 2017, total 1089 sequences, are used for visual comparison resutls in Table 9 , and total 1256 sequences which contain more than two stars from 2017/04/12 to 2017/04/17 are used to evaluate the centroiding precision shown in Table 10 .
As shown in Table 9 , the error of over 90% centroiding results is less than 0.3 pixels based on visual evaluation. Over 73% results are more precise with error less than 0.2 pixels. Table 10 shows that the average star angular distance error is 0.269 pixels. It can be concluded that our method performs well on in-orbit star images, achieving high centroiding precision with centroiding error less than 0.3 pixels.
VI. CONCLUSIONS
In this paper, a star detection and centroiding method for GIIRS aboard FY-4A has been proposed, containing the complete star image processing of noise removal, star detection, star recognition, and centroid extraction. The weak point target detection task is translated into a trajectory detection, which significantly improves the star detection precision and recall rate to 85.64% and 99.87% for the images with the standard deviation of noise σ n = 10. Besides, the centroiding error is reduced to 0.1594 pixels in the simulated images (σ n = 10), through the trajectory fitting process in our centroiding method. Over-2-year in-orbit tests have proved the effectiveness and precision of our star detection and centroiding method for GIIRS, laying the foundation for the high-precision image navigation for GIIRS of FY-4A. ZHIQING ZHANG received the B.S. degree in radio engineering from Northeastern University, China, in 1986. He is currently a Senior Professor of engineering and the Chief Designer with the National Satellite Meteorological Center, China Meteorological Administration, China. His current research interests include system design and implementation on ground segment and application systems for China geostationary meteorological satellite.
